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本论文的主要目的是研究 Rh 与 Al2O3 之间的相互作用对 Rh/Al2O3 催化剂上
甲烷部分氧化（POM）制合成气的反应性能影响及其本质。在论文的第一部分
工作中，通过改变焙烧温度（110 °C 烘干，600 和 900 °C 焙烧）和 Rh 负载量（0.1 
∼ 3wt%）制备了系列 Rh/Al2O3 催化剂。采用 BET 和 XRD 等实验手段对相关样
品的比表面积和相结构进行了表征，并对催化剂的 POM 反应性能进行详细的考
察。实验结果表明：对于同温焙烧的 Rh/Al2O3，在 Rh 负载量较低的催化剂上 POM




致 Rh/Al2O3 催化剂上 POM 反应性能差异的本质，在论文的第二部分工作中我们
采用化学吸附（H2、O2 和 CO）、H2-TPR、O2-TPD 和原位 Raman 光谱等实验技
术对相关 Rh/Al2O3 催化剂进行了表征，实验结果表明：Rh/Al2O3 催化剂上主要
存在三种 Rh 物种，它们分别是：与载体相互作用较弱的晶相 RhOx 物种，与载
体具有一定相互作用的分散 RhiOx 物种以及与载体有强相互作用的 Rh(AlO2)y物
种。前两种氧化态 Rh 物种在较低温度（< 300 °C）即可被 H2 还原，而 Rh(AlO2)y
物种则需高于 500 ºC 才能被 H2 还原。原位 Raman 光谱实验结果表明 Rh/Al2O3
上 POM 反应的起燃温度与 RhOx 和/或 RhiOx 物种的还原性能密切相关。与低温
焙烧或高负载量的 Rh/Al2O3 相比，高温焙烧或低负载量催化剂上的 Rh 物种主要
以 Rh(AlO2)y形式存在，RhOx 和/或 RhiOx物种的含量较少，Rh-O 键较强，还原
性能较差，因此催化剂上 POM 反应的起燃温度较高；采用质谱技术对 Rh/Al2O3
催化剂上 POM 反应进行了跟踪，实验结果表明，在振荡过程中反应物（CH4，
O2）的转化率，CO 和 H2 的选择性与催化剂床层前部温度呈同相变化，而与 CO2
和 H2O 的选择性以及床层后部温度呈反相变化。通过对不同条件预处理的
Rh/Al2O3 的 H2-TPR 表征发现，反应条件下 Rh(AlO2)y 物种在氧化态与还原态

















This thesis focuses on the studies of the interaction between Rh and Al2O3 on the 
performance of the Rh/Al2O3 catalysts for methane partial oxidation (POM) to 
synthesis gas. In the first part of the paper, we prepared a serial of Rh/Al2O3 catalysts 
calcined at different temperatures (dried at 110 °C or calcined at 600 °C and 900°C) 
and with different Rh loadings (0.1 ∼ 3wt%). The sample's surface area and bulk 
structure were characterized by BET and XRD techniques. Catalytic performance of 
the catalysts for the POM to synthesis gas was also investigated in detail. It was found 
that, for the reaction over the Rh/Al2O3 catalysts calcined at the same temperature, the 
ignition temperature of the POM reaction decreased with the increasing of Rh 
loadings in the catalysts. For the POM reaction over the catalysts with high Rh 
loadings, steady-state reactivity was observed. For the reaction over the catalysts with 
low Rh loadings, however oscillations were observed during the reaction. For the 
reaction over the Rh/Al2O3 catalysts with same Rh loadings, the ignition temperature 
of the POM reaction increased with the increasing of calcination temperature, and the 
oscillations during POM reaction were apt to occur over the catalyst calcined at high 
temperature. We also found that the oscillation during the POM reaction could be 
inhibited by increasing the reduced temperature or reaction temperature. 
In the second part of the paper, comparative studies using chemisorption (H2, O2 
and CO), H2-TPR, O2-TPD and high temperature in situ Raman spectroscopy 
techniques were carried out in order to elucidate the relation between the redox 
property on the Rh species in the Rh/Al2O3 and the performance of the catalysts for 
POM reaction. Three kinds of Rh species, i.e. the rhodium oxide species 
insignificantly affected by the support (RhOx), that intimately interacting with the 
Al2O3 surface (RhiOx) and the Rh(AlO2)y species formed by diffusion of rhodium 
oxides in to sublayers of Al2O3, were identified by H2-TPR and O2-TPD. Among them, 
the first two species can be easily reduced by H2 at temperature below 300 ºC, while 
the last one can only reduced by H2 at temperature above 500 ºC. The ignition 















property on RhOx and RhiOx species. Compare with the rhodium species over the 
catalysts calcined at low temperature or with high Rh loading, those on the catalysts 
calcined at high temperature or with low Rh loading possess stronger Rh-O bong 
strength and are more difficult to reduce to metal. Higher temperature is therefore 
required to ignite the POM reaction over the catalysts calcined at high temperature or 
with low Rh loadings. A quadrupole mass spectrometer was used to follow the 
oscillations in the reactants and products during the POM reaction over the Rh/Al2O3 
catalysts. It was found that the oscillations in the signals of reactants and complete 
oxidation products (CO2 and H2O) are in-phase with the temperature at the entrance 
of catalyst bed, while being out-of-phase with the signal of the POM reaction products 
(CO and H2) and the temperature at the rare end of catalyst bed. The oscillation during 
the POM reaction over the Rh/Al2O3 can be related to the behavior of Rh(AlO2)y 
species in the catalysts switching cyclically from the oxidized state to the oxidized 
state to the reduced state during the reaction. 
Keywords: methane partial oxidation; synthesis gas; Rh/Al2O3; metal-support 




























1.1  课题研究的背景和意义 
据美国能源信息署《2006 年世界能源展望》报告，随着人类环保意识的加
强，未来天然气将是一次能源消费构成中增长 快的能源，预计世界天然气的年
均消费增长速度将为 2.4%，到 2020 和 2025 年世界天然气消费量将分别为 4.24
万亿立方米和 4.68 万亿立方米。2030 年天然气在世界一次能源消费结构中的比
例将增加到 26.3%[1]，总量达 5.15 万亿立方米。我国蕴藏了丰富的天然气资源，
目前已探明的天然气储量为 2.85 万亿立方米（占世界天然气储量的第 15 位）[2]，
因此，大力发展天然气工业，培育和完善天然气市场，对于改善我国能源消费结
构、缓解石油供需矛盾、保障我国国民经济发展以及国家能源安全，具有重要的




天然气中的主要成分为甲烷，其主要的利用途径如图 1.1 所示[5]：但长期以 
 
图1.1  甲烷的转化途径概况 

























界各国研究的重点。甲烷的间接转化是将其先转化为合成气（H2 和 CO 的混合
物），再经由合成气生产燃料和其他一系列具有高附加值的化工产品，主要途径
如图 1.2 所示[6]： 
 
图1.2  合成气的转化途径概况 
Fig. 1.2  Summary of syngas conversion routes 
表 1.1[6]列出了目前实现甲烷转化制合成气的三种主要途径： 















Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
